Abstract: Breast cancer is the most common type of cancer affecting women in the United States. Triple-negative breast cancer remains the most aggressive molecular subtype secondary to a lack of therapeutic targets. The search for a target has led us to investigate immunotherapeutic agents. Immunotherapy has recently demonstrated significant breakthroughs in various types of cancers that are refractory to traditional therapies including melanoma and Non-Small Cell Lung Cancer (NSCLC). Breast cancer however remains one of the tumors that was initially least investigated because of being considered to have a low immunogenic potential and a low mutational load. Over the past few years, antiPD1/PDL1 drugs have started to make progress in the triple-negative subtype with more promising outcomes. In this report, we review the treatment of triple-negative breast cancer and specifically shed light on advances in immunotherapy and newly approved drugs in this challenging disease.
to cytotoxic chemotherapy as the mainstay of systemic therapy, and few options have been available over the past 20 years ( Figure 1) . 5, 11, 12 The search for therapeutic targets in this challenging disease has led us first to PARP inhibitors. The advent of PARP inhibition in the BRCA1/2 mutation carriers has recently brought some progress into treating this small subpopulation of triple-negative breast cancer. The EMBRACA study which randomized to talazoparib (a parp inhibitor) vs physician choice of standard therapy (capecitabine, eribulin, gemcitabine, or vinorelbine) in patients with locally advanced or metastatic breast cancer with a germline BRCA1/2 mutation revealed significantly longer progression-free survival (PFS) of 8.6 months with talazoparib versus 5.6 months with physician's choice (HR 0.54, 95% CI 0.41-0.71, p<0.001). 13 Median overall survival at the interim analysis was also statistically significant, 22.3 months in the talazoparib group versus 19.5 months in the standard therapy group (HR 0.76, CI 0.55-1.06), p=0.11). Remarkably, there was also a total of 5.5% of patients in the talazoparib group that had a complete response (CR) compared with no patients in the standard therapy group. More importantly, the safety profile of talazoparib was better tolerated compared to standard chemotherapy, which was supported by the patient-reported quality-of-life outcomes. The OLYMPIAD study which randomized olaparib (another parp inhibitor) to physician's choice of standard therapy (capecitabine, eribulin, or vinorelbine) also revealed significantly improved efficacy and safety profiles of the PARP inhibitor compared to standard chemotherapy in patients with metastatic breast cancer and a germline BRCA mutation. 14 The PFS was significantly longer in the olaparib group compared to the standard therapy group (7.0 months vs 4.2 months; HR 0.58; 95% CI 0.43-0.80; p<0.001). Additionally, olaparib was better tolerated compared to standard chemotherapy. Rates of grade 3 adverse events were lower in the olaparib group compared to the standard therapy group (36.6% vs 50.5%, respectively). Although PARP inhibitors appear to be a promising therapeutic target, only approximately 5% of patients with breast cancer carry a germline BRCA mutation, and even fewer patients with triple-negative breast cancer carry the mutation. Therefore, this does not address most triple-negative breast cancer patients who are actually non-BRCA carriers. The first proposition that the immune system and cancer are associated was in the 19th century, based on the frequent appearance of tumors at sites of chronic inflammation and the presence of immune cells in tumor tissues. 15, 16 The use of immune therapy and specifically checkpoint inhibition made a first impression initially in lung cancer and melanoma. Several immunotherapy treatments have been heavily utilized in melanoma with promising outcomes such as interferon (INF) a-2b, peginterferon a-2b, interleukin-2 (IL-2), as well as checkpoint inhibition. 15 In 2010, a trial with ipilimumab, a cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) inhibitor was conducted and was the first treatment to show improvement in overall survival in patients with metastatic melanoma. 17 Following, this landmark and groundbreaking trial, several trials in melanoma with combination immunotherapies, nivolumab and ipilimumab were conducted as well as single-agent nivolumab, and single-agent pembrolizumab. [18] [19] [20] [21] [22] [23] [24] [25] In lung cancer, several checkpoint inhibitors have been approved in those with PD-L1 expression, which is defined as PD-L1 levels of at least 50%. 26 The PD-1 inhibitors used to treat metastatic non-small cell lung cancer (NSCLC) are nivolumab and pembrolizumab, and the PD-L1 inhibitors are atezolizumab and durvalumab. Additionally, in NSCLC, combination chemotherapy, immunotherapy, and targeted therapy have been studied and obtained FDA approval. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Although immunotherapy has been successfully studied in melanoma and lung cancers, when checkpoint inhibitors were tested as monotherapy in breast cancer patients, those studies were not very promising. Early studies with Phase 1, 2 clinical trials evaluating PD1 protein blockade in advanced triple-negative were very disappointing. Response rates were less than 10%. [36] [37] [38] [39] [40] [41] Those studies proved that breast cancer is not a highly immunogenic disease and patients with breast cancer need to be selected for a preexisting predisposition to mount an immune response. This highlighted the importance of the host as well as the tumor in selecting the best treatment approach. In October 2018, the IMPASSION 130 study led to the approval of Atezolizumab in a preselected population with advanced triple-negative breast cancer. 42 This approval was the first meaningful step in moving immunotherapy into the breast cancer arena. Since then, multiple efforts have been generated to advance immunotherapeutic agents in triplenegative breast cancer. In this report, we will review the main advances and shed light on the emerging data in this exciting field.
Checkpoint Inhibition in Triple-Negative Breast Cancer
Triple-negative breast cancer is a highly heterogeneous breast cancer subtype that has been defined by the lack of a target. It has been subdivided into 6 different subgroups based on its molecular heterogeneity that include basal-like, mesenchymal-like, mesenchymal stem-like, luminal androgen receptor expression, immunomodulatory and an unstable type. 43 For years it was thought that this disease is resistant to immunotherapy, however recent studies have shown evidence of significant immune infiltration of TILs (tumor-infiltrating lymphocytes) in a subset of patients with triple-negative breast cancer. Triplenegative breast cancer seems to have a high expression of PDL1 and harbors a strong infiltration by immune cells in the actual tumor bed. TILs seem to have both a prognostic as well as predictive power, with high numbers correlating with better outcome and better response to therapy. Elevated TIL scores were proven to correlate with increased pathological complete response to neoadjuvant chemotherapy. [44] [45] [46] [47] This proves that the immune system plays a pivotal role in this subgroup of patients. Based on that, efforts were generated to prime the immune system to elicit an immune response capable of fighting off those cancer cells. Immune checkpoint blockade exploited this mechanism at its best through targeting the PD1/PDL1 pathway. PD1 (programmed cell death-1) receptor is a cell surface membrane protein, member of the B7 family of checkpoints that is expressed on the surface of activated T cells. PD1 is activated by its ligands PD-L1 and PD-L2 that are commonly expressed on the surface of dendritic cells or macrophages as well as on tumor cells. When activated, the PD1/PDL1 pathway leads to the suppression of the T-cell-mediated immune response, which normally can minimize states of chronic inflammation and help control autoimmune diseases.
Unfortunately, Tumor cells can exploit this pathway to evade the immune detection system or what is called the cancer immunity cycle. Tumor cells overexpress PDL1 and trigger the PD1/PDL1 pathway, which leads to the inhibition of the cytotoxic T cells. These deactivated T cells remain inhibited in the tumor microenvironment that leads to the unopposed proliferation of cancer cells.
Anti-PD-1 antibodies (like Pembrolizumab and Nivolumab) and anti-PDL-L1 antibodies (like Atezolizumab and Durvalumab) have been developed and are currently being investigated. Those monoclonal antibodies aim to restore the immune system by disrupting the PD1/PDL1 interaction. 48 However, it remains to be seen whether PD1 or PDL1 blockade is better. A similar pathway being investigated is targeting the Cytotoxic T lymphocyte-associated protein 4 (CTLA-4). CTLA4 is a T cell inhibitory receptor that is expressed on activated CD4+ and CD8+ T cells that specifically overexpress CD25 and foxp3. CTLA4 is upregulated by activation of T cell receptor and cytokines such as Il-12 and IFN gamma, which usually forms a negative feedback to, activated T cells leading to a physiologic break of the immune response. CTLA-4 was initially implicated in cancer when in vivo it was demonstrated that blockade of the inhibitory effects of CTLA-4 can release the brake and potentiate the immune response against tumor cells leading to tumor regression in mouse models of sarcoma and colon adenocarcinoma. Anti CTLA-4 drugs are currently being investigated. Ipilimumab has already been approved in melanoma and is currently being investigated in breast cancer. 17 Tremelimumab another anti-CTLA4 is also being investigated.
Other targets that are being investigated for potential checkpoint inhibition include the BTLA, VISTA, TIM3, LAG3, and CD47 proteins but are very early in development. 49, 50 We will review next the active and completed clinical trials exploring those drugs specifically in triple-negative breast cancer.
Clinical Trials Landscape
One of the first trials with checkpoint inhibitor monotherapy in breast cancer was the phase Ib KEYNOTE-012 trial that evaluated pembrolizumab in heavily pretreated metastatic TNBC. 51 In this trial, monotherapy pembrolizumab demonstrated an 18.5% overall response rate (ORR) among 27 patients who were evaluable for antitumor activity. Although preliminary evidence of clinical activity was seen from monotherapy pembrolizumab in this trial, compared to the results in melanoma and lung cancer, these results were discouraging. Other early trials with monotherapy pembrolizumab, atezolizumab, or avelumab were also unhopeful and demonstrated ORR of around 10% or less. 36, 39, 41, 52, 53 The suggestion to combine chemotherapy and immunotherapy emerged from concept from the cancerimmunity cycle. It was hypothesized that immunotherapy activity can be enhanced by the addition of chemotherapy by priming the immune system to elicit an immune response by releasing antigens and danger signals that recruit antigen-presenting cells. 42, 54 Several chemotherapeutic agents commonly used in breast cancer such as anthracyclines, cyclophosphamide, and taxanes can promote immunogenic cell death resulting in release of antigens. 54 However, it was determined that taxanes in particular may additionally activate toll-like receptor activity and promote dendritic cell activity. 42 In the IMPASSION 130 trial, the first breakthrough for immunotherapy in breast cancer, atezolizumab was used in combination with nab-paclitaxel in metastatic TNBC.
Atezolizumab is a programmed death-ligand 1 (PD-L1) blocking monoclonal antibody that binds to PD-L1 on tumor cells and tumor-infiltrating immune cells. 55 It executes a complete dual blockade of PD-1 and the B7.1 receptor, which is a costimulatory cell surface protein.
The blockage of both PD-1 and B7.1 receptors on T cells and antigen-presenting cells suppress cytotoxic T-cell activity, T-cell proliferation, and cytokine production. Ultimately, blocking PD-L1 activity results in decreased tumor growth. In the IMPASSION 130 trial, patients with previously untreated metastatic TNBC were randomized to receive either atezolizumab plus nab-paclitaxel or placebo plus nabpaclitaxel. 42 PFS was found to be significantly longer with those that received atezolizumab plus nab-paclitaxel compared to those that received placebo plus nab-paclitaxel (7.2 months vs 5.5 months, respectively; HR 0.80, 95% CI 0.69-0.92, p=0.0025). In those that were found to have PD-L1 positivity of at least 1% on the tumor-infiltrating immune cells, the difference in PFS between the two groups was more pronounced. Patients receiving atezolizumab and nab-paclitaxel had a 7.5-month PFS, compared to 5.0 months in those receiving placebo plus nab-paclitaxel (HR 0.62; 95% CI 0.49-0.78, p<0.001). Overall response rates were higher with those that received the checkpoint inhibitor, with 7.1% achieving a CR, compared to 1.6% in those that did not receive atezolizumab.
In terms of safety, the safety profile was consistent with the toxic effects of each agent, with no new adverse events observed. The most common immune-related toxicity reported in the study was hypothyroidism, 13.7%. However, overall, the combination of atezolizumab and nab-paclitaxel appeared to be well tolerated. These results led to the FDA approval in 2019 in patients with unresectable, locally advanced or metastatic TNBC whose tumors express PD-L1 (PD-L1 stained tumor-infiltrating immune cells of any intensity cover > 1% of the tumor area) in combination with nabpaclitaxel. Pivotal trials are summarized in Table 1 . There are currently close to 300 clinical trials ongoing trials investigating the use of immunotherapy in breast cancer54. Most of the trials focus on evaluating checkpoint inhibitors, however some trials are exploring the possibility of vaccines as well as adoptive T-cell therapy. Most of the ongoing trials are phase 1 or 2 and about 15% are Phase 3 studies. In terms of subtypes of breast cancer being studied, most trials that are investigating immune checkpoint blockade alone or in various combinations are in TNBC, however exploration with ERBB2 positive breast cancer is being considered as well. About 80% of the studies are being conducted in the metastatic setting, however there are several ongoing trials in the neoadjuvant and adjuvant setting.
Neoadjuvant clinical trials with combination chemotherapy with or without Immunotherapy have shown promising results, as evidenced by the KEYNOTE-173 and ISPY2 trials. The KEYNOTE-173 trial is a 6-cohort, phase 1b trial of pembrolizumab in combination with platinum and taxanes as neoadjuvant treatment in patients with locally advanced TNBC. 56 In this small population of 60 patients, overall pCR rate was 60%, and ORR was 100%. Overall, it appears that pembrolizumab in combination with chemotherapy has some promising antitumor activity in the neoadjuvant TNBC setting. The ISPY2 trial is a Phase II trial evaluating pembrolizumab in combination with standard therapy (paclitaxel followed by doxorubicin and cyclophosphamide) as a neoadjuvant treatment for TNBC. 57 Findings revealed a signification increase in pathologic complete response rate of 60% with the addition of pembrolizumab versus 20% without. Several other studies in the neoadjuvant and adjuvant settings, with immunotherapy in the TNBC population are currently ongoing. The ongoing neoadjuvant trials include the Impassion 031, NeoTRIPaPDL1, and Keynote522. In the adjuvant setting, the current ongoing trials include SWOG 1418; IMPASSION 030; A-BRAVE. With these emerging investigations, there is a robust potential for the role of immunotherapy in the breast cancer setting.
Immunotherapy Challenges
Although immunotherapy has shown promising results in treatment for different types of cancer there are still many challenges.
The side effect profile of immunotherapy remains challenging for most medical oncologists. The side effects of chemotherapy are well known to us, chemotherapy in general weakens the immune system causing an increased risk of infection. Immunotherapy on the other hand, hyper activates the immune system causing a more peculiar but a variety of toxicity called immune-related adverse events (IRAEs). 58 It can vary from mild symptoms such as flulike symptom, fatigue, body ache to more pronounce involving many organs such as life-threatening pneumonitis, immune-induced colitis, immune-induced hepatitis, hypopituitarism seen in Melanoma and SCLC studies. 59, 60 In the IMpassion 130 study of Atezolizumab and NabPaclitaxel vs placebo with Nab-Paclitaxel in advanced triple-negative breast cancer, the frequency of nausea cough, neutropenia, pyrexia and hypothyroidism was at least 5 percentage point greater in the Atezolizumab combination arm then the placebo-chemotherapy arm42. The rate of grade 3 [61] [62] [63] Efficacy of immunotherapy varies widely from one patient to the other, even within the same subtype.
This has been well documented in melanoma studies. 59, 60 Only 15-20% show a complete response while others may have a lesser degree of benefits and even none. Some of those patients who do response have a long-lasting response that can ultimately borderline on cure. It is crucial to be able to predict who would respond, or not respond to therapy, can we alter treatment to obtain a maximal response to immunotherapy? Also documented data of some patients who respond to therapy after a progression and/or a flare up called pseudoprogression. The pseudo-progression has been reported to be about 4-7% of patients with NSLC treated with PD1 or PD1 inhibitors. [64] [65] [66] Previously this phenomenon was thought to be the real progression of the tumor. However, it is now known that patients receiving immune checkpoint blockade drugs, the flare up is due to the consequence of treatment-activated immune cells infiltrating the tumor milieu eliciting a radiographic increase in tumor volume, including lesions that were previously not detected in imaging. It is important for the future of immunotherapy that we learn to distinguish between pseudo-progression and actual progression of the disease in order to maximize the effectiveness of treatment. Pseudoprogression has been stated to be around 9% to 29% but not confirmed. 66 As more data emerges from immunotherapy studies in triple-negative breast cancer, we hope to have some of these questions answered and find tools to help us better select our patient for the right therapy. It is rewarding to find new therapies in this patient population, but the focus should also be made to be informed and recognize the many challenges with immunotherapy. The goal should be to select the patients who would benefit the most from immunotherapy based on biomarkers and expression. 67 
Conclusion
While significant improvements have been achieved, immunotherapy has yet to prove its full potential benefit in the field of breast cancer. We still need to improve our understanding of the complex relationship between the host, the tumor and the shared microenvironment between those two. In this era of ultra-genomic testing, we must also prioritize the discovery of the biomarkers that could guide therapy in appropriate patients. And finally, we need to redefine novel endpoints that reflect overall survival benefit that might be very different from one patient to the other. Success however is within reach. Immunotherapy is already transforming the cancer field in ways we have not previously imagined. By customizing immunotherapy to both the disease as well as the individual, breast cancer can become a chronic disease potentially curable as well as preventable.
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